The relationship of plasminogen activator (PA) production to cell stage, cell number and changes in overall diameter and zona pellucida thickness for bovine embryos developing in vitro was determined. Late morulae to blastocysts (n = 80) were collected nonsurgically from naturally mated, estrous-synchronized, superovulated crossbred beef cows. Embryos were cultured, one embryo per 25-pl microdrop, for 6 d. At 24-h intends, embryos were evaluated for stage of development and transferred to fresh microdrops; media were recovered for PA analysis. In addition, embryo diameter and mna pellucida thickness were measured with an ocular micrometer. Plasminogen activator production was determined using a caseinolytic assay with urokinase as the standard. Changes in diameter, zona pellucida thickness and PA production per 24-h interval for each embryo were plotted, and the graphs were cut out and weighed. Sixty-one embryos (76%) completed the hatching process. Total PA production was correlated positively (P e .005) to embryonic size (r = .40), developmental stage (r = .35) and cell number (r = .35) and negatively, but weakly, correlated to zona pellucida thickness (r = -.13; P = .267). Hatched embryos produced more total PA than embryos that did not hatch (.la f .011 vs .070 f .019 g; P < .01).
size limitations, few individuals have evaluated viability from an enzymatic perspective. Plasminogen activator (PA), the serine protease that activates the zymogen, plasminogen, to the enzyme, plasmin @an0 et al., 1985) , is released by bovine embryos during blastocoelic expansion and hatching (Menino and Williams, 1987) . Several potential roles for PA in development have been ascribed, including implantation (Sherman et al., 1976; Strickland et al., 1976) , tissue remodeling and cell migration (Strickland et al., 1976; Bode and Dziadek, 1979; Fazleabas et al., 1983) and facilitation of hatching (Menino and Wfiams, 1987) ; however, no one has yet correlated PA to specific aspects of embryo viability. Therefore, the objective of this research was to determine the relationship between PA production and developmental stage, cell number and changes in overall diameter and zona pellucida thickness in bovine embryos developing in vitro.
K A A E K u m AND MENINO

Materials and Methods
Embryo Collection and Culture. Fifteen crossbred beef cows were estrous-synchronized with two 25-mg injections of prostaglandin F2a5(PGF2&) administered i.m. 14 d apart (d 0 = frrst PGF2a injection) and superovulated with twice-daily i.m. injections of porcine folliclestimulating hormone6 at dosages of 5, 4, 2 and 1 mg on d 12, 13, 14 and 15, respectively. Detection of estrus was started 24 h after the second PGF2a injection and conducted at 12-h intervals thereafter. Cows exhibiting estrus were mated naturally, using two bulls, at the beginning of e m s and at 12-h intervals thereafter until the cow would no longer accept the bull. Ova were collected fkom cows 7 d after mating by nonsurgically flushing the uterus with Dulbecco's phosphate buffered saline (PBS; Dulkco and Vogt, 1954) containing 5 m g / d of bovine serum albumin7 (BSA) and 10 ml/l of an antibioticantimycotic solution7 (10,oOO U of penicillin, 10 mg of streptomycin and 25 pg of amphotericin B per ml in .9% sodium chloride). Uterine flushings were examined for the presence of embryos by means of a dissecting microscope. Late morulae to blastocysts were recovered from the uterine flushings by aspiration and washed three times in microdrops of Ham's F-127 with 15 m g / d of BSA under paraffin oil*. Embryos were morphologically evaluated using phase-contrast microscopy and the grading system described by Lindner and Wright (1983) . Embryos were cultured individually in 25-pl microdrops of Ham's F-12 containing 15 m g / d of BSA under paraffin oil in a humidified atmosphere of 5% CO, in air at 37'C for 6 d. At the initiation of culture and at subsequent 24-h intervals, developmental stage, overall embryo diameter (OD) and m a pellucida thickness (ZPT) were determined (Lindner and Wright, 1978 blastocyst. At 24-h intervals, embryos were transferred to fresh microdrops, and 15 p1 of the c u l m medium was recovered and frozen at -20'C until assayed for PA. To correct for any spontaneous activation of plasminogen within the assay, culture media from drops not containing embryos also were recovered and frozen at -2o'C. At termination of culture, embryos were recovered from the microdrops, washed twice in 2.0% sodium citrate, transferred to .7% sodium citrate for 3 min, fixed onto microscope slides with 25% acetic acid in ethanol, airdried (McGaughey and Chang, lW9) and stained with hematoxylin and eosin.
Plasminogen Activator Assay. Concentrations of PA in the culture medium were determined using a caseinolytic assay (Menino and Williams, 1987) with modifications. The modifications consisted of preparing the casein-agar solution after the method described by Bjerrum et al. (1975) where warmed 2% nonfat dry milkg, dissolved in .038 M tris (%ydroxymethyl)-aminomethane-. 1OM glycine buffer containing .195 g/l CaG-ZH20 and .325 g/liter sodium azide, was combined with an equal volume of 2% agarose7. Fifteen milliliters of the warmed mixture were pipetted into plastic diffusion plates (85 x 65 x 2 mm) for use in the PA assay. For quantifyiig PA in the culture medium, 15 pl of 120 pg/ml human plasminogen7 as the substrate was combined with 15 pl of either recovered culture medium or 0, .ooo9, .0045, .0091 and .0455 m u of urokinase7 (E.C. 3.4.21.7)M as the standard and incubated for 15 min at 37°C. After incubation, 25 pl of the incubated mixture was pipetted into 4-mm-diameter wells cut in the casein-agar gel plate and incubated at room temperature for 24 h. The casein-agar gel plates were fixed for 15 min with 3% acetic acid and Msed in tap water, the diameters of the caseinolytic zones were measured with an electronic digital caliper. Concentrations of PA in the culture medium were determined from standard m e s of caseinolytic ring diameter by log urokinase concentration. The amount of PA produced by the embryo was determined by subtracting the amount of PA in the medium without an embryo from the amount in the medium with an embryo for a 24-h interval. Preliminary experiments using human plasminogen as the substrate demonstrated a 10-fold increase in sensitivity compared with porcine plasminogen (Menin0 and Williams, 1987). Intra-and interassay CV for PA were 9.7 and 11.2%, respectively.
Statistical Analysis. One-way analysis of variance and Fisher's least significant difference were used to detect differences due only to developmental stage in OD, ZPT and PA production for bovine embryos developing in vitro. Differences in PA production per 24-h interval between hatching embryos and embryos not hatching were determined using two-way analysis of variance where hatching status and time in culture were the main effects. Changes in PA production, OD and 2PI' per 24-h interval for each embryo were plotted over the culture period and the resultant graphs were cut out and weighed. Each developmental stage that embryos attained in culture was assigned the following codes: morula to early blastocyst = 1, blastocyst = 2, expanded blastocyst = 3, hatching blastocyst = 4 and hatched blastocyst = 5. Embryonic cell numbers were determined from a mean of three counts of the stained nuclei using bright field microscopy (magnification xl00 to 320). Differences in total PA production, changes in OD and ZIT, and develop mental stage and cell number attained due to cow source were determined by one-way analysis of variance. Differences in these parameters between embryos completing or not completing in vitro hatching were evaluated using the p l e d t-test. Correlationregression analysis was conducted to determine the relationship between total PA production and changes in OD and ZIT, cell number and developmental stage (Steel and Tome, 1980) .
Results
A total of 174 ova were recovered from 13 cows with mean ova and embryo recovery rates of 13.4 f 2.8 and 9.6 f 1.8 per cow, respectively. Morphologically normal embryos were recovered from 11 cows for a mean recovery rate of 7.5 f 1.6 embryos per cow. Of ?he 80 embryos, 61 (76%) completed the hatching process in vitro. Differences in OD were not observed at the riloda, early blastocyst and blastocyst stages (P > .05); however, OD increased when blastocoelic expansion, hatching and completion of hatching occurred (P < .05; developmental stages (P e .05). Zona pellucida thickness was similar for hatching and hatched blastocysts; however, expanded blastocysts possessed the thinnest ulnae pellucidae (P e .05). The amount of PA produced was similar for the morula, early blastocyst, blastocyst, expanded blastocyst and hatched blastocyst stages at 72 and 96 h after hatching (P > .05).
Plasminogen activator production did not differ between hatching blastocysts and blastocysts at 72 h after hatching or between hatching blastocysts and blastocysts 48 h after hatching (P > .05). The greatest amount of PA production occurred at the hatched blastocyst stage and 24 h after hatching (P < .05). Figure   1 ) greatly affected PA production (P e .Ol); however, there was no hatching status x time in culture interaction (P > .lo). Embryos that hatched produced more PA at 96 and 144 h (P e .lo), 24 h (P e .05), and 48, 72, and 120 h (P < .01) of culture than embryos that did not hatch. As indicated by the bar in Figure 1 , embryos destined to hatch produced more PA than nonhatching embryos (P < .05) well in advance of completion of hatching.
Hatching status and time in culture (
Total PA production, changes in OD and cell numbers were greater (P e .OS) for hatched embryos than for embryos that did not hatch (Table 2) . Changes in ZPT differed (P < .lo) bemeen hatched embryos and embryos that failed to hatch. Cow source exerted effects on changes in OD (P e .01) and ZPT (P e .Ol), developmental stages (P c .lo) and cell numbers (P < .lo) attained and the total amount of PA (P < .01) liberated by bovine embryos developing in vitro (Table 3) . Total PA production in culture was correlated positively to changes in OD, developmental stage and cell number and negatively, but weakly, correlated to changes in ZPT (Table 4) . Positive correlations were observedfor changes in OD with developmental stage and cell number, and for developmental stage with cell number. Changes in ZPT were negatively correlated with changes in OD, developmental stage and cell number.
Dlscusslon
Overall diameters and ZPT of bovine blastocysts were similar to measurements reported by h a r e s and King (1980) and Renard and Heyman (1979) . Sizes of d-10 and d-11 embryos collected by Renard and Heyman (1979) were similar to embryos of equivalent gestational age cultured in the present study; however, their d-11 embryos observed high correlations in embryonic volume with DNA and protein synthesis in noncultured rabbit blastocysts and with rabbit blastocysts cultured in uterine flushings; however, volume changes in rabbit blastocysts cultured in serum-supplemented medium were correlated poorly to DNA and protein synthe sis. Jung and Fischer (1988) suggested that uterine components were involved in trophoblastic transport, which stimulated blastocoelic expansion.
The pattern of FA production was similar to that r e p o d by Menino and Williams (1987) , with the exception of peak concentrations of PA associated with hatched blastocysts or blastocysts 24 h after hatching. Menino and Williams (1987) cultured d-5 to d-6 embryos and observed that peak PA concentrations were associated with blastocysts initiating the hatching process; however, if the periods between blastocyst formation and peak PA concentrations are examined, similar intervals of 96 to 120 h are observed for the two studies. Quantities of PA produced by the embryo also were lower in the present study compared with the report by Menino and Williams (1987 (Kane, 1983) . In the present study, cell numbem for hatched bovine embryos were fourfold greater than for embryos that did not hatch.
The effect of individual cows on in vitro development suggests that the donor source of the embryos contributes greatly to embryo performance in culture. This relationship implies that some cows provide embryos that are more likely to undergo successful in vitro development than embryos from other cows do. A similar effect has been observed in embryo transfers, where despite apparently normal ovulation, fertilization and recovery rates, embryos from some donors generate fewer pregnancies (King, 1985; Sreenan and Diskin, 1987) . King (1985) suggested that some differences among donors may be due to intrinsic factors within the embryo, such as chromosomal abnormalities, which are either inherited or arise during gametogenesis, fertilization or cleavage. Semen source also has been suggested to contribute to the variability among embryos developing in vitro. Eyestone and First (1989) reported that development to the morula and blastocyst stages differed as a of the embryos. Plasminogen activator production was greater by embryos that hatched in vitro and was correlated positively to cell number, cell stage and OD, suggesting that PA secretion may be an indicator of embryo viability. The biological significance of PA secretion by the embryo is not known, although several investigators have suggested that PA is involved in cellular migration during embryogenesis (Strickland et al., 1976; Bode and Dziadek, 1979; Fazleabas et al., 1983) . The several differentiative and migratory events occurring in the early bovine embryo that may be sites for PA participation include: endodermal cell migration beneath the trophectoderm to form trophoblast from d 8 to 10; exposure of the embryonic disc through the trophectoderm on d 12; and mesodermal cell migration between trophectoderm and endoderm from d 14 to 16 (Betteridge and Flechon, 1988) . Secretion of PA during this period may indicate how successful an embryo would be in completing such differentiative events and establishing a pregnancy.
Implications
Embryos that complete the in vitro hatching process produce more plasminogen activator than embryos that fail to hatch. Whether embryonic plasminogen activator production can be used as a means of predicting success in pregnancy establishment remains to be determined.
